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ABSTRACT 
WC-6Co cemented carbide was manufactured successfully by coupled multi-physical fields 
activated technology with the Gleeble-1500 thermal simulation equipment for the reason of 
studying the effect of sintering temperature on the densification and microstructures of samples 
sintered under multi-physical fields. And the results demonstrate that the densification is better 
with the increasing of sintering temperature. The best density about 98.76% is obtained with the 
sintering temperature of 1200ć. Besides, both the number of closed pores in microstructure and 
the value of hardness of samples decrease obviously as increasing of temperature. 
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1 INTRODUCTION 
Cemented carbides are widely used in a variety of applications such as machining, cutting and 
drilling because of its high hardness, high wear resistance and toughness properties. Generally, 
cemented carbide is manufactured by conventional sintering technology. However, it is difficult 
to improve the mechanical property of cemented carbide due to high sintering temperatures and 
long sintering times. Therefore, many efforts have been made to explore more efficient sintering 
techniques including spark plasma sintering (Eriksson et al. 2013), microwave sintering (Bao et 
al. 2012) and high frequency induction-heated sintering (Shon et al. 2012). 
Under these sintering technologies, high sintering temperatures are typically used to 
manufacture cemented carbide parts of full densification due to the high melting point of WC. 
However with this increase of sintering temperature using these methods, an effect is the increase 
of the grain size, which is the not beneficial to the mechanical property of the sintered part. 
Therefore, the sintering temperature is an important factor in the sintering technology. Up to now, 
some work has been reported about effects of sintering temperature on densification of WC-Co 
cemented carbides by a variety of novel processes. Bao et al (2013) fabricated WC-8Co cemented 
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carbide of nearly full densification by microwave irradiation and supposed that the sintering 
temperature had obvious effects on WC grain size and distribution. Xie et al (2004) discussed the 
relationship between sintering temperature and properties of nano-grained cemented carbide 
prepared by spark plasma sintering and analysed the reason of densification during sintering 
process. Numerous studies have showed that the densification of WC±Co cemented carbides is 
closely related to sintering temperature. 
Recently, a new sintering method named as coupled multi-physical fields activated 
technology has been put forward for the forming of WC-6Co composites due to its significant 
characteristics such as lower sintering temperature, shorter forming time, and remarkable 
inhibition of grain growth without addition of inhibitors (Ankang Du, 2012). Using this novel 
method, Huang et al (2013) successfully fabricated WC-6Co cemented carbide of which the 
density could reach over 97% with the sintering temperature of 850ć. However from the 
microstructure of the sample, it can be seen that there are some holes in the samples, which have 
bad influences on the mechanical properties of the sample. Thus, it is necessary to further 
investigate the effect of higher sintering temperatures to eliminate these holes and obtain denser 
compacts. 
In this work, we focused on the manufacturing of WC-6Co samples by coupled multi-
physical fields activated technology and discussed the effects of sintering temperature on 
densification and microstructures of samples. 
2 MATERIAL AND EXPERIMENT 
For the raw material, WC and Co powders with an DYHUDJHJUDLQVL]HRIȝPDQGDSXULW\RI
99% were considered for the experiment. Both types of powders were mixed thoroughly with a 
composition of 94 wt%WC-6wt% Co where no grain growth inhibitors added and then ball 
milled for 2 hours. Afterwards, the mixed powder was loaded into a small die with inner diameter 
of 4 mm.  
The experiments were carried out using the Gleeble-1500 thermal simulation instrument 
(Dynamic System Inc, USA.). The schematic map of the equipment is shown in Fig. 1. The die 
was installed between the two electrodes of the Gleeble machine and thermocouple wires were 
soldered onto the surface of the die to measure the temperature. The required experimental 
heating conditions were pre-programmed into the computer control system. Various sintering 
temperature were adopted in the experiments. The chamber was first evacuated to less than 10-3 
Pa before the sintering process started. Afterwards, WC-6Co powders were rapidly heated to 
sintering temperature at the preset heating rate of 50ć/s. A pressure of 50 MPa was applied to 
the powders through the punches when the heating process started for each temperature setting. 
After a 4 min thermal retardation time, the Gleeble-1500D thermal simulation instrument was 
turned off and the sample was cooled down to room temperature in a vacuum atmosphere. In the 
experiments, it is worth mentioning that the total forming process only took less than 5 minutes.  
The relative density was measured by the electronic analytical balance TP-214 with 
ArchimedeV¶SULQFLSOH6(0-60-5900LV) and XRD ( D/Max-IIIA) were used to examine the 
microstructure and the phase structure of the sample. The average grain size of a cross-section 
was measured using analytical software. Rockwell hardness measurements were made on 
polished sections of the WC-6Co composites.  
Table1 Processing parameters 
Sample Material Sintering temperature Pressure Heating rate 
1# WC-6Co 1000ć 50MPa 50ć/s 
2# WC-6Co 1100ć 50MPa 50ć/s 
3# WC-6Co 1200ć 50MPa 50ć/s 
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Fig. 1 Schematic diagram of Gleeble-1500D equipment 
3 RESULTS AND DISCUSSIONS 
3.1. Effect of sintering temperature on sintering densification 
The densities of WC-6Co specimens sintered at sintering temperature ranging from 1000 ć to 
1200 ć are shown in Fig. 2. From the results, it can be seen that high relative densities (98.03%-
98.67% of the theoretical value) are achieved for all the WC-6Co specimens sintered under 
coupled multi-physical fields. With an increase in the sintering temperature, densities of the 
sintered specimens also increase. Therefore, it could be concluded that when the sintering 
temperature was up to 1200ć, the densification degree of the sample will be very high. 
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Fig 2 Relative densities of the sintered cemented carbides formed at different sintering 
temperatures 
Fig.3 shows microstructures of WC-6Co cemented carbide samples sintered at different 
sintering temperatures. It can be seen that more number of closed pores existed in the samples 
sintered at 1000ć and 1100ć than that of the sample sintered at 1200ć, which can decrease the 
relative density of cemented carbide. As a result, the densifications of 1# and 2# samples are both 
lower than 3# sample. Based on the microstructure of samples, it can be inferred that pores of 
sintered compacts decreased with the increasing of sintering temperature. When the sintering 
temperature reached 1200ć, the closed pores almost disappeared in the compound and Co phase 
which plays as binder phase was closely connected with WC phase.  
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Fig.3 Microstructures of WC-6Co cemented carbide samples at different sintering temperature 
3.2 Effect of sintering temperature on grain size 
Fig.4 shows the grain size of WC-6Co cemented carbide formed at the different sintering 
temperature settings. It can be seen that the sintering temperature has obvious effect on grain size, 
and the grain size of samples sintered by couple multi-physical fields activated technology is 
small and uniform. The average grain size of samples sintered with sintering temperature of 
1000ć, 1100ć, 1200ć are 1.837 ȝP, 1.952ȝP, 2.897 ȝP respectively. According to the 
calculated results, it can be seen that the average grain size of samples increased as sintering 
temperature increased. On the other hand, compared with conventional sintering methods, the 
WC grain grows slowly respectively without any inhibitors under the multi-physical field 
coupling technology which contains high sintering efficiency. 
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Fig.4 The grain size of WC-6Co cemented carbide samples sintered with different sintering 
temperatures 
3.3 Effect of sintering temperature on mechanical properties 
Fig 5 shows mechanical properties of WC-6Co cemented carbides sintered with different 
sintering temperatures. It can be concluded that the porosity of samples decreases with the 
increasing of sintering temperature. As expected, the relative density of samples would be 
increase as shown from 98.03% to 98.76% due to pores decreasing. Generally, the hardness of the 
sample is proportional to the relative density. However, the value of hardness was found to 
decrease with an increase in relative density as shown in Fig 5. When the sintering temperature 
reached to 1200ć, the value of Hardness Rockwell A (HRA) of sample down to 80.6. It is 
thought that the energy which is needed in the process of grain growth rises as the sintering 
temperature increasing. Therefore, raising sintering temperature would promote grain growth 
which can decrease the hardness of sample, leading to a larger the grain size of #3 sample 
compared to #1 and #2 samples. This is the reason why the hardness of #3 sample which contains 
least pores is lowest. 
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Fig 5 Mechanical properties of sintered WC-6Co cemented carbides with different sintering 
temperature  
4. CONCLUSIONS 
The multi-physical field coupling technology is an efficient process which can inhibit the increase 
3# (c) 
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of grain size of WC-6Co cemented carbide without adding grain inhibitors. Moreover, the 
sintering temperature has an obvious effect on densification, grain size and mechanical properties 
of samples. From the work completed in this study, the following conclusions can be drawn: 
Coupled multi-physical field sintering technology was used to fabricate WC-6Co cemented 
carbides specimens of nearly full density at over 98%. The relative density of samples increased 
with an increase of the sintering temperature. The WC-6Co cemented carbides fabricated by this 
method contains less pores and when sintering temperature reached 1200ć, the closed pores 
almost disappeared and were hard to be observed in the microstructure. 
Sintering temperature has obvious effect on the hardness of WC-6Co samples. The value of 
hardness decreased as sintering temperature was increased with a value of 80.6 HRA when the 
sintering temperature was 1200ć. The higher sintering temperature is not used in the study 
limited of the material of die, we will study higher sintering temperature in the next work. 
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